The fate of an organic contaminant in soil depends on many factors, including sorption, biodegradation, and transport. The herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) was used as a model compound to illustrate the impact of these interacting factors on the fate of an organic contaminant. Batch and column experiments performed with a sandy loam soil mixture under saturated and unsaturated conditions were used to determine the effects of sorption and biodegradation on the fate and transport of 2,4-D. Sorption of 2,4-D was found to have a slight but significant effect on transport of 2,4-D under saturated conditions (retardation factor, 1.8) and unsaturated conditions (retardation factor, 3.4). Biodegradation of 2,4-D was extensive under both batch and column conditions and was found to have a significant impact on 2,4-D transport in column experiments. In batch experiments, complete mineralization of 2,4-D (100 mg kg-') occurred over a 4-day period following a 3-day lag phase under both saturated and unsaturated conditions. The biodegradation rate parameters calculated for batch experiments were found to be significantly different from those estimated for column experiments.
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The potential transport of soil-applied pesticides to groundwater is a major environmental concern. The development of strategies to prevent pesticide contamination of groundwater depends on accurate estimates of the kinetic parameters which govern the fate of pesticides in the subsurface. For instance, pesticide sorption can decrease or eliminate pesticide availability for biodegradation or transport, although it does not affect the total amount of pesticide in the soil system (8) . Biodegradation of the pesticide can partially reduce or totally eliminate the pesticide available for transport in the soil system (7) . Thus, both sorption and biodegradation can significantly affect transport. Concurrent investigations of sorption, degradation, and transport have been rare since researchers have traditionally viewed these as separate processes, and only recently has it been realized that these processes are dependent on each other. If estimated sorption and biodegradation coefficients are obtained in isolation, the use of these coefficients to predict transport can lead to erroneous results. Another concern is that the values obtained for sorption and biodegradation coefficients can depend on the methods used for measurement.
In this study, a model pesticide, 2,4-dichlorophenoxyacetic acid (2,4-D) , was used to examine both the effects of sorption and biodegradation on transport through soil and the effects of the method used on experimentally determined rate coefficients. The herbicide 2,4-D was chosen since this compound is an aromatic chlorinated molecule which is structurally similar to numerous other compounds of current interest. Batch and column experiments in which a sandy loam porous medium was used were performed to determine the relative contributions of sorption and degradation to transport of 2,4-D under both water-saturated and unsatur-* Corresponding author. ated conditions. Values for biodegradation rate parameters obtained with different techniques (batch and column) and under different conditions were compared to evaluate the influence of experimental approach on parameter values.
MATERIALS AND METHODS
Chemicals. Analytical grade 2,4-D was obtained from Sigma Chemical Co., St. Louis, Mo. Uniformly ring-labeled 14C-2,4-D with a measured specific activity of 12.8 mCi mmol-1 was also purchased from Sigma. Tritiated water (3H20) with a specific activity of 1 mCi ml-' was purchased from DuPont, Burbank, Calif. The levels of radiochemical purity were >98%. Soil (4, 13) . To obtain sorption isotherms, 10 
where S2 is the sorbed-phase concentration for the ratelimited domain, t is time, x is distance, 1 is column length, p is the bulk density of the porous medium, 0 is the fractional volumetric water content of the packed column, v is the average pore water velocity, D is the hydrodynamic dispersion coefficient, Kp is the equilibrium sorption constant, F is the fraction of sorbent for which sorption is instantaneous, k2 is the reverse sorption rate constant, and ,l, R,,, and pS2
are the first-order degradation rate constants for the solution, equilibrium-sorbed, and rate-limited-sorbed phases, respectively. The governing equations were solved with a finite-difference numerical approach under the following initial and flux type boundary conditions:
First-order biodegradation rate constants (R,) were estimated by using the following formula:
where C' is the steady-state relative effluent concentration (2 
Note that the model described by these equations accounts for rate-limited sorption with a two-compartment approach and for transformation in the solution phase by using Monod kinetics. A transport model that accounted for rate-limited sorption (by diffusional constraints) and used a Monod-based description of biological activity was described by Ying and Weber (20) . However, the model of Ying and Weber is of limited use for many soil systems because degradation was limited to the solid phase, whereas it appears that degradation actually occurs primarily in the solution phase. Equations 9 through 11 were solved under boundary and initial conditions similar to those shown in equation 7. The parameters fitted included t,U and Ks, which have been shown to be far from linear in their estimation behavior (14) . As a result, the estimates of these parameters were severely biased so that confidence intervals based on linearization were inaccurate. Therefore, no standard errors are reported below for fitted column parameters.
RESULTS
Batch sorption and biodegradation studies. A linear isotherm was obtained for sorption of 2,4-D by the soil (Fig. 1) . A nonsingular isotherm was obtained with the sequential desorption method (Fig. 1A) , as often reported previously. However, a singular isotherm was obtained with the dilution desorption method (Fig. 1B) . This suggests that the nonsingularity observed in Fig. 1A is an artifact related to the successive periods of abrasion and centrifugation involved in the sequential desorption method. Similar results have been reported previously (4, 13) . The Kp value was 0.25 ml g of soil-'.
Biodegradation of 2,4-D under batch conditions was studied by conducting a series of experiments under both saturated and unsaturated conditions. As shown in Fig. 2 , complete mineralization of 2,4-D occurred rapidly under both saturated and unsaturated conditions. Under saturated conditions 52% of the 14C-2,4-D was recovered as 14C02 in 10 days, while only 36% of the 2,4-D was recovered as 14C02 under unsaturated conditions.
Under both saturated and unsaturated conditions, there was a lag phase of 2 to 3 days before significant biodegradation occurred (Fig. 2) . The XO value in untreated soil was estimated to be 1.35 + 0.25 mg liter-' (mean + standard error). To further examine the observed lag phase, a soil sample was spiked with 2,4-D (100 mg kg-') twice, once 2 weeks before biodegradation was measured and once 4 weeks before biodegradation was measured. In this case, the length of the lag phase decreased from 3 days to 1 day, and the X0 value was estimated to be 5. (mean + standard error). Figure 3 shows the experimental growth curves and optimized growth curves which were generated by using the estimated XO values.
Column displacement studies: saturated conditions. Simultaneous interactions of sorption and biodegradation that occurred during 2,4-D transport were studied by performing a series of column experiments under saturated and unsaturated conditions. Typical 2,4-D breakthrough curves generated under saturated conditions are shown in Fig. 4 . The breakthrough curves for the sterile columns slowly approached a C/CO value of 1 (i.e., tailing). This tailing indicates the impact of rate-limited sorption on transport (6) .
In contrast to the breakthrough curves for the sterile columns, which eventually plateaued at a C/CO value of =1, the breakthrough curves obtained with the untreated and spiked soils, in which biodegradation occurred, exhibited plateaus at C/CO values of 0.96 and 0.89, respectively. This behavior is consistent with the impact of degradation on solute transport (2) . To ensure that the effluent radioactivity was due to 2,4-D, effluent samples were analyzed by HPLC in some experiments. The results of these analyses were identical to the results shown in Fig. 4 . Some column effluents were also tested for dissolved oxygen concentrations. For sterile columns (Kp, 0.2 ml g-') and nonsterile columns (Kp, 0.3 ml g-1 for untreated soil and spiked soil) (Table 1) .
Finally, first-order biodegradation rate constants were calculated from the column data and, as expected, were found to be smaller for untreated soil (fi', 0.9 day-') than for spiked soil (p,ui 3.4 day-'). In order to compare these rate constants with batch and unsaturated column PUm values, the (Fig. 5A ). This breakthrough curve is noticeably asymmetrical, reflecting the effect of rate-limited sorption on transport. Like the saturated column curves, the 2,4-D breakthrough curve for untreated soil was shifted to the right of the curve for the conservative tracer (3H20) ( (Table 1) . Similar differences between the results of batch and column experiments (comparing first-order biodegradation rate constants) have been described for other organic compounds (2) . This difference may be caused by differences in aeration and mixing in the batch and column systems or by the decreasing substrate concentrations in batch experiments compared with constant influent substrate concentrations in column experiments.
In addition to the effect of experimental technique (batch versus column), the influence of degree of water saturation on L,m was investigated. While the R,U values obtained from batch experiments under saturated and unsaturated conditions were similar, the I,Lm value obtained in saturatedcolumn experiments (2.3 day-') was much smaller than the A,m value obtained in unsaturated-column experiments (9.4 day-'). This is explained in part by the fact that there was insufficient time for the biodegrading population to increase because of the short duration (<12 h) of the saturatedcolumn experiments. This difference may also have been due to oxygen limitations that slowed the biodegradation of 2,4-D during the saturated-column experiments. This hypothesis is supported by the fact that the dissolved oxygen concentration in saturated-column effluents was consistently cl mg liter-'.
Previous research has suggested that both efficiency and rate of pesticide degradation are different under aerobic and anaerobic conditions (12, 19) . This finding results from the fact that there is a higher free energy yield (AF) when molecular oxygen is used as the terminal electron acceptor (aerobic respiration). It has been estimated that the AF is at least 2 times greater under aerobic conditions than under anaerobic conditions (11) . While our results revealed a difference in efficiency of 2,4-D degradation under batch saturated conditions (52% C02) and unsaturated conditions (36% C02), the batch RUm values were similar (0.7 day-'). In contrast, for column experiments, the R,U value for unsaturated conditions (9.4 day-') was higher than the ALm value for saturated conditions (2.3 day-'). (Fig. 4,  dashed and solid lines) . The R, value was calculated from the experimental data by using equation 8. Successful simulations of breakthrough curves influenced by simultaneous rate-limited sorption and biodegradation have been reported previously (2) , suggesting that equations 4 and 5 provide an accurate description of transport under defined conditions. First-order biodegradation assumes that at constant biomass (insignificant growth) and limited substrate levels, the rate of degradation is directly proportional to the concentration of the substrate. Given the time frame of the saturated-column experiments (a maximum of 12 h), these assumptions seem to be valid.
For unsaturated conditions it was necessary to use a transport model which included a Monod-based representation of biodegradation kinetics and also accounted for ratelimited sorption. This model provided a relatively good simulation of the 2,4-D breakthrough curve for the unsaturated column (Fig. 6A) Fig. 6A . This similarity suggests that both the equilibrium and kinetic components of sorption were not altered by biological activity.
To evaluate the viability of batch-determined biodegradation parameters, a breakthrough curve was simulated by using the values for Ks (7.2 mg liter-') and jim (0.7 day-) obtained in the unsaturated batch experiment. It is evident that this curve does not provide a good description of the data (Fig. 6C) . This suggests that the values determined for Ks and pUm in the batch experiments are not appropriate for the column experiments. This may be a reflection of the different conditions (e.g., mixing, aeration, solid/water ratio) associated with the two systems and the resulting impact on biological activity.
A breakthrough curve produced with a model that was based on the assumption that there was instantaneous sorption is shown in Fig. 6D . This curve was obtained by optimizing Kp (0.3 ml g-'), as well as Ks (9, 
